Zero-field-cooling and field-cooling ͑FC͒ measurements were performed on ferrofluids of cobalt magnetic nanoparticles ͑MNPs͒ in various organic solvent. Two peaks, one broad peak corresponding to the blocking transition ͑T B ͒, and one sharp peak corresponding to the melting of the solvent ͑T M ͒, were observed. Furthermore, for a given MNP size, when the blocking and melting transitions were superposed by choosing an appropriate solvent, the strongest intensity of the sharp peak at the melting point of the organic solvent was obtained. This observation is explained by applying the M spectrum theory. Additionally, a first order, melting-induced magnetic phase transformation was observed at the melting point of the solvent. Associated with the first order phase transition and the supercooling effect, a thermal hysteresis loop in the FC curve was observed. 10 i.e., a characteristic peak ͑T B ͒ corresponding to the blocking transition of the superparamagnetic system 11 and additionally, a sharp peak ͑T M ͒ during the melting of the solvent in the ZFC curve. Here we focus on the peak at T M and show that its intensity is dependent on the relative position of T B and T M . We observe the strongest peak at T M when the two phasetransition temperatures coincide, i.e., T B ϳ T M , but its intensity is dramatically reduced when they are well separated. We explain this observation by the reactivated and strongest Brownian relaxation of cobalt MNPs when T B ϳ T M by inspecting the M spectrum 8 of the FFs. Cobalt MNPs were fabricated by the well-established thermal decomposition procedure 12 by rapid injection of cobalt carbonyl ͓Co 2 ͑CO͒ 8 ͔ into a solution of 1,2-dichlorobenzene at 182°C in the presence of surfactants under an inert Argon atmosphere to prevent cobalt nanoparticles from oxidization. The as-synthesized cobalt MNPs, passivated by a layer of surfactant ͑ϳ2 nm͒ to prevent aggregation and oxidation, were then washed, precipitated by ethanol, and dried in a glass vial. The mass of the cobalt nanoparticles was estimated by taking the mass difference of the vial after the cobalt MNPs were completely dried. Then 4 mg dried cobalt MNPs were dissolved in 0.2 ml organic solvents, and were sonicated for 1 h to make uniform and stable cobalt FFs. After that, these cobalt FFs were sealed in a gelatin capsule, and their magnetic properties were measured in a Quantum Design Physical Property Measurement System. For the ZFC measurement, the cobalt FFs were cooled from room temperature with no external magnetic field to 10 K, then a magnetic field, H = 100 Oe, was applied at 10 K, and then the magnetization of the sample was measured as a function of increasing temperature. For the FC measurement, the magnetization of the sample was measured both during cooling ͑FCC͒ and warming ͑FCW͒ under an external magnetic field of 100 Oe.
related slow dynamics, 8 and phase transitions. 9 Typically, in zero-field-cooling ͑ZFC͒ and field-cooling ͑FC͒ experiments of FFs, two phase transitions are observed; 10 i.e., a characteristic peak ͑T B ͒ corresponding to the blocking transition of the superparamagnetic system 11 and additionally, a sharp peak ͑T M ͒ during the melting of the solvent in the ZFC curve. Here we focus on the peak at T M and show that its intensity is dependent on the relative position of T B and T M . We observe the strongest peak at T M when the two phasetransition temperatures coincide, i.e., T B ϳ T M , but its intensity is dramatically reduced when they are well separated. We explain this observation by the reactivated and strongest Brownian relaxation of cobalt MNPs when T B ϳ T M by inspecting the M spectrum 8 of the FFs. Cobalt MNPs were fabricated by the well-established thermal decomposition procedure 12 by rapid injection of cobalt carbonyl ͓Co 2 ͑CO͒ 8 ͔ into a solution of 1,2-dichlorobenzene at 182°C in the presence of surfactants under an inert Argon atmosphere to prevent cobalt nanoparticles from oxidization. The as-synthesized cobalt MNPs, passivated by a layer of surfactant ͑ϳ2 nm͒ to prevent aggregation and oxidation, were then washed, precipitated by ethanol, and dried in a glass vial. The mass of the cobalt nanoparticles was estimated by taking the mass difference of the vial after the cobalt MNPs were completely dried. Then 4 mg dried cobalt MNPs were dissolved in 0.2 ml organic solvents, and were sonicated for 1 h to make uniform and stable cobalt FFs. After that, these cobalt FFs were sealed in a gelatin capsule, and their magnetic properties were measured in a Quantum Design Physical Property Measurement System. For the ZFC measurement, the cobalt FFs were cooled from room temperature with no external magnetic field to 10 K, then a magnetic field, H = 100 Oe, was applied at 10 K, and then the magnetization of the sample was measured as a function of increasing temperature. For the FC measurement, the magnetization of the sample was measured both during cooling ͑FCC͒ and warming ͑FCW͒ under an external magnetic field of 100 Oe.
During the ZFC and FC measurements, there are two mechanisms that involves the relaxation of the magnetization directions of individual cobalt MNPs, namely, the Néel relaxation ͑rotation of only the magnetization direction with the Co MNPs being physically fixed in position͒ and Brownian relaxation ͑physical rotation of cobalt MNPs with magnetization direction fixed along an easy axis͒. 13 The Néel relaxation time is N = o exp͑⌬E / k B T͒, where 0 ϳ 10 −9 -10 −11 s and when a field H is applied, ⌬E = KV͑1 − h͒ 2 , where K is the anisotropy constant, V is the volume of cobalt MNPs, h = H / H K is the reduced field, and H K is the effective anisotropy field. 13 In the weak field measurement,
where V H is the hydrodynamic volume of the cobalt MNPs including the coating, and is the dynamic viscosity of the carrier liquid. 13 Due to the exponential increase in the Néel relaxation time and a linear increase in the Brownian relaxation time with size of cobalt MNPs, smaller particles prefer Néel relaxation, while larger particles prefer Brownian relaxation. The completely frozen FFs behave like magnetic nanocomposites, 14 where the MNPs are embedded in a solid matrix. However, as the temperature increases above a critical point below the melting point of the organic solvent, the frozen organic solvent begins to melt starting from the interface between the matrix and the nanoparticles as expected for an incoherent interface. 15 As a result, there are three distinct relaxation a͒ Electronic mail: halong@u.washington.edu. Fig. 1͑a͒ is ϳ250 K from the maximum magnetization of ZFC measurement, which is consistent with the TEM observation of 9 nm cobalt 16 shown as an inset in Fig. 1͑a͒ . The temperature corresponding to the blocking transition is shifted to ϳ210 K after these particles are dispersed and diluted in the organic solvent due to larger particle separation and thus lower interparticle interactions 17 in FFs, as indicated by the peak at T B ϳ 210 K in Fig. 1͑b͒ . The organic solvents and concentration of cobalt MNPs are chosen such that T M Ͼ T B in o-xylene in Fig. 1͑b͒ , T M ϳ T B in chloroform in Fig. 1͑c͒ , and T M Ͻ T B in toluene in Fig.  1͑d͒ . In the ZFC measurement, another sharp peak, in addition to one at T B ϳ 210 K, was observed during the melting of o-xylene ͑T M = 248 K͒ in Fig. 1͑b͒ . The dramatic increase in the ZFC magnetization in Fig. 1͑b͒ starts from T ϳ 243 K, which is below the melting temperature of o-xylene. This sharp peak occurs at the stage II of premelting as mentioned above. After that, the ZFC magnetization drops rapidly with increasing temperature, which corresponds to the stage III or complete melting. When the cobalt MNPs were dispersed in chloroform ͑T M ϳ T B ͒, the two peaks corresponding to the blocking transition of the Co MNPs and the melting of chloroform are superposed on each other to yield a sharp peak of much greater intensity, followed by a quick drop after complete melting as in o-xylene. Finally, when the cobalt MNPs were dispersed in the toluene ͑T M Ͻ T B ͒, the two peaks of blocking and melting are separated again; however, the peak due to melting is observed at a lower temperature followed by a quick drop of ZFC magnetization due to the complete melting of toluene. After that, a broad peak due to the blocking transition is observed at temperature ϳ210 K in the liquid phase. It is worth mentioning that the dramatic increase in the ZFC magnetization during melting starts before the melting temperature of the solvent in both chloroform and toluene as in o-xylene. The strongest peak at T M is observed when the transition of blocking and melting is coupled together, but is expected to be greatly reduced when they are separated as explained below by the M spectrum theory. 8 To verify the latter, FF containing cobalt MNPs of smaller size in o-xylene was prepared so that the blocking ͑ϳ100 K͒ and the melting ͑248 K͒ are well separated. As expected and shown in Fig. 2͑a͒ , a sharp peak but of greatly reduced intensity was observed during melting of o-xylene. The enhancement of the FC magnetization of the FFs, compared with the cobalt MNPs in powder form, as shown in Fig. 1 , is due to the additional possibility of Brownian relaxation of cobalt MNPs in FFs under external magnetic field during cooling.
The M spectrum, 8 defined by the integrand in M͑t͒ = ͐M spec ͑t , V͒dV for particles of volume V at time t, used to explain aging and memory effects in interacting and noninteracting systems, can also be applied to the observed FC and ZFC behavior of these FFs. It can be calculated 8 by the product of the particle volume distribution functions, f͑V͒, and the magnetization of a single particle of volume, V, at time t, M͑t,V͒, namely, M spec ͑t , V͒ =M͑t , V͒ f͑V͒. At a specific temperature, the M spectra of ZFC and FC magnetization are superposed on each other for particles with volume less than a critical value, V B , because all smaller Co MNPs are always unblocked and will reach the same equilibrium magnetic state under the same external magnetic field in ZFC and FC measurement. However, for particles with volume larger than the critical volume, V B , the M spectrum of the ZFC measurement ͓the red lines in Fig. 2͑c͔͒ will drop to zero due to the randomly blocked nature of the larger particles; however the M spectrum for FC measurement ͓the blue lines in Fig. 2͑c͔͒ is still nonzero due to the predetermined magnetic configuration during cooling under an external magnetic field. 8 As temperature increases, V B , defining the cutoff of ZFC in the M spectrum, moves to higher values because the larger nanoparticles begin to be unblocked while the intensity of the M spectrum is reduced due to thermal agitation ͓see the simulation for Co MNPs in Fig. 2͑b͔͒ . During the premelting stage ͑II͒ of the carrier fluid, the Brownian relaxation, quenched previously, is reactivated to allow the cobalt MNPs to also rapidly rotate their easy axes physically, under the influence of the external magnetic field. This enhances the value of the M spectrum ͓dashed line in Fig. 2͑c͔͒ , leading to a sudden increase in the ZFC magnetization as indicated by the observed sharp peak during melting. The area enclosed by the two ZFC lines ͑red͒ in the M spectra, proportional to the intensity of the peak during melting, is largest when T B and T M coincide, as shown in Fig. 2͑c͒ . As a result, the largest intensity of the sharp peak during melting is observed when the blocking and melting are coupled together. Furthermore, as mentioned above, the smaller cobalt MNPs do not favor Brownian relaxation, resulting in a smaller intensity increase in the M spectrum for the smaller cobalt MNPs. Consequently, the area enclosed by the M spectra for these two ZFC curves is small for the case of T M Ͻ T B ͓Fig. 2͑c͔͒ and a sharp peak with greatly reduced intensity of the ZFC magnetization at 180 K is observed ͓Fig. 1͑d͔͒. Figure 3͑a͒ shows the isothermal M͑H,T͒ curves of cobalt FF in the vicinity of the melting point of o-xylene. The M͑H͒ curves change continuously with respect to the temperature below the bulk melting point of o-xylene; while a jump in the isothermal M͑H͒ curve has been observed at the melting point. The sudden jump of the isothermal M͑H͒ curve at the melting point of the organic solvent indicates the occurrence of a first order magnetic phase transformation, and is accompanied by the sudden drop of the FCW magnetization in Fig. 3͑b͒ . As mentioned above, the transformation from the premelting stage ͑II͒ to the complete melting stage ͑III͒ will occur at the melting point of the solvent. As a result, this first order magnetic phase transformation is a melting induced magnetic phase transformation, where the state of cobalt MNPs with spatially fixed locations ͑stage II͒ is transformed to a state when the position of the cobalt MNPs evolves randomly ͑stage III͒ even though both Néel relaxation and Brownian relaxation are present in the two distinct states. Furthermore, as the liquid is cooled through its melting point from high temperature, the solidification will not occur until the temperature is well below the melting point. This supercooling phenomenon 18 results in the first order magnetic phase transformation to occur at ϳ210 K in the FCC magnetization, as shown in Fig. 3͑b͒ . The first order phase transformation and the associated supercooling effects, lead to the observed thermal hysteresis loop ͓Fig. 3͑b͔͒ in the FC curve during cooling and heating.
In conclusion, a sharp peak ͑T M ͒ on the ZFC curve of cobalt FFs during melting, activated by the Brownian relaxation, can be mostly enhanced by coinciding with the blocking transition ͑T B ͒ of the Co MNPs. In addition, a thermal hysteresis is observed due to a first order magnetic phasetransition at the melting point and the supercooling effect of the organic solvent. Coupling of the tunable first order ͑T M ͒ and second order ͑T B ͒ magnetic phase transformations in such FFs might be of interest to the magnetocaloric effect 19 and such work is also in progress.
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